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A multi-reflection time-of-flight mass spectrograph, competitive with Penning trap mass spectrom-
eters, has been built at RIKEN. We have performed a first online mass measurement, using 8Li+
(T1/2 = 838 ms). A new analysis method has been realized, with which, using only
12C+ references,
the mass excess of 8Li was accurately determined to be 20 947.6(15)(34) keV (δm/m = 6.6× 10−7).
The speed, precision and accuracy of this first online measurement exemplifies the potential for
using this new type of mass spectrograph for precision measurements of short-lived nuclei.
Mass measurements of unstable nuclei, providing di-
rect measure of the nuclear binding energy, are invalu-
able for nuclear structure and nuclear astrophysics. Mass
measurements of highly neutron-rich nuclei from Co to
Xe, of importance for understanding both the astrophys-
ical r process and evolution of shell structure, require fast
measurement time and high efficiency, due to their typi-
cally short lifetimes (T1/2 < 100 ms) and low production
yields.
The most precise atomic mass measurements are ob-
tained from Penning trap mass spectrometry (PTMS) of
stable nuclei. The observation time required for PTMS
to achieve a given resolving power, Rm is
tobs = mRm/qB, (1)
where m/q is the mass-to-charge ratio, B is the Penning
trap magnetic field strength and tobs is the observation
time in the trap [1]. While PTMS can achieve resolving
powers of several million, doing so requires tobs & 100 ms.
The linear scaling of tobs with the mass-to-charge ratio
limits the maximum resolving power that can be achieved
for short-lived, heavy nuclei. A few methods to mitigate
this limitation have been considered – using higher mag-
netic fields [2], charge breeding [3] and higher-order mul-
tipole excitation [4, 5]. We think that a separate path
may prove more fruitful.
By using a pair of electrostatic mirrors [6], the flight
path for a pulse of ions, e.g., from an ion trap, could be
extended indefinitely. The time, t, required for ions to
travel to a detector on the far side of the mirrors can be
written as
t ≈ √m
∫ L
0
(
dx/
√
K(x)
)
, (2)
where K is the ion’s kinetic energy and L is the total
flight length. The mass resolving power of such a mea-
surement is simply
Rm =
1
2Rt =
1
2 t/∆t, (3)
where Rt is the time resolving power and ∆t is the de-
tected pulse width. Using the electrostatic mirrors to
achieve an energy isochronous time-focus at the detector,
it is possible to achieve conditions wherein ∆t ∝ √m is
completely determined by conditions (e.g., ion temper-
ature) in the ion trap. By making ∆t sufficiently small
and t sufficiently long, it is possible to achieve reason-
ably large resolving powers faster than could be achieved
by PTMS, i.e., achieve higher resolving powers for suf-
ficiently short-lived nuclei than could be achieved by
PTMS. Comparing the mass dependencies of Eqs. 1 and
2, one can immediately see that this effect becomes ever
more pronounced as the mass-to-charge ratio increases.
Thus, there is great potential for using this new type of
mass spectrograph for precision measurements of heavy,
short-lived nuclei.
At RIKEN we have developed such a multi-reflection
time-of-flight mass spectrograph (MRTOF) [7–9] as part
of the SLOWRI facility for low-energy nuclear physics
at RIKEN [10]. Similar developments at various other
facilities have been made with a purpose of isobar pu-
rification [11–13]. We will use it to measure the masses
of r-process nuclei created by in-flight fission of uranium
at the BigRIPS facility [14, 15] and trans-uranium ele-
ments created by fusion reactions at the GARIS facility
[16, 17]. In both cases, it is desirable to achieve relative
mass precision of δm/m < 10−6 for heavy (80 < A/q <
280) nuclei with short lifetimes (5 ms < T1/2 < 100 ms).
As the radioactive nuclei are produced at high ener-
gies, they must be thermalized in a helium-filled gas cell
to convert them to a low-energy ion beam amenable to
such mass measurements. Prior to constructing a gas cell
suited for such heavy nuclei, an already existent gas cell
– designed for use in ion trap laser spectroscopy of Be
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FIG. 1. (Color online). Sketch of the experimental setup (not
to scale). A section of RFQ between the QMS and the taper
trap was mounted on a ladder system along with a channel-
tron electron multiplier, which can be used as a beam inten-
sity monitor, and an alkali ion source for offline test. An SSD
detector was used as the α decay detector of 8Li for beam line
tuning.
isotopes [18, 19] – was used to thermalize 8Li ions as an
initial online test of the MRTOF.
The online experimental setup consisted of a gas cell
filled with 20 mbar He gas, rf-multipole transport system,
buffer gas-filled ion trap, MRTOF, offline ion source and
detector suite, as shown in Fig. 1. 8Li ions were pro-
duced by projectile fragmentation of a 100A MeV pri-
mary beam of 13C on a 1.86 g/cm2 Be production tar-
get, selected by the RIPS projectile fragment separator
[20] and transported to the prototype SLOWRI branch,
where the high-energy 8Li ions were first decelerated by
a wedge-shaped energy degrader before being stopped in
the gas cell. The 8Li ions were extracted as 8Li+ by an
rf-carpet system [10] and transported to high vacuum by
an octupole ion guide (OPIG) made of resistive carbon
fiber reinforced plastic to allow simple production of an
axial drag force [21]. Stable ions produced in the gas cell
could be largely eliminated by a quadrupole mass sepa-
rator (QMS). The A/q = 8 beam comprised 8Li+ and a
small amount of 2He+2 produced in the gas cell.
The efficiency from a 1 GeV 8Li beam to a continuous
5 eV beam by a 2-m-long gas cell with an rf-carpet ion
guide was ≈ 5% in Ref. [18] and the MRTOF efficiency
from the 5 eV continuous beam was 2.7%. Thus, the total
efficiency was ≈ 0.14%. In general, higher Z ions yield
higher stopping efficiency, gas-cell extraction efficiency
and trapping efficiency. In an offline test with 23Na ions,
the MRTOF efficiency was found to be 13%.
Prior to being analyzed by the MRTOF, ions are pre-
pared in a sequential pair of buffer gas-filled rf ion traps
[22]. Ions are initially stored and precooled in a linear
Paul trap built with tilted rods (taper trap) before being
transferred to a novel “flat trap”. The flat trap quickly
cools ions to a very small cloud and then ejects them
toward the MRTOF by means of an electric dipole field
[23]. The small ion cloud and nearly pure dipole extrac-
tion field provide ideal conditions for analysis with the
MRTOF.
The taper trap consists of four rod electrodes arranged
with small angles to the centerline. The vertical inter-rod
gap at the exit side (i.e., flat trap side) is slightly larger
than that at the entrance side, while the horizontal inter-
rod gap is slightly smaller. The asymmetric configuration
generates a potential gradient to push the ions toward
the flat trap when dc biases are superimposed on the rf
signals [24].
The flat trap is built from a pair of flat printed cir-
cuit boards mounted in an aluminum frame, separated
from each other by 4 mm. Each circuit board consists
of three strips divided into seven segments. The central
electrode of each board has a plated hole with a diameter
of 0.8 mm at its center to allow orthogonal extraction of
the ion bunch. While a traditional Paul trap creates a
well-approximated quadrupole field using four rod elec-
trodes, the flat trap design approximates a quadrupole
field using six strip electrodes. Complementary pulses of
±60 V applied to the central electrodes create a dipole
electric field for orthogonally extracting ions from the
trap.
During the measurement of 8Li+, the taper trap was
utilized as an auxiliary trap to accumulate and precool
ions while an ion bunch was cooling in the flat trap. As
shown in Fig. 2, ions were accumulated and precooled
in the taper trap for 10 ms before being transferred to
the flat trap. To maximize the accumulation efficiency,
7 ms was allotted for the transfer to and accumulation
in the flat trap. After accumulating the ions in the flat
trap, the trap axial potential well was deepened for 3 ms
to maximally cool the ion cloud prior to ejection to the
MRTOF. While one ion bunch is cooling in the flat trap,
the next bunch is already accumulating in the taper trap,
thereby, allowing an operational duty cycle of ≈ 100%.
After cooling, the flat trap rf signal was briefly turned
off to minimize the effect of the rf field on ions leaving
the trap. Due to the high Q-value of the rf resonant
circuit, however, the rf amplitude decayed exponentially
with a decay constant of τ ≈ 250 µs. Since waiting for
the amplitude to fully decay would allow the ion cloud
to expand, the ejection was instead phase locked to a
point in the amplitude decay found to yield a maximum
resolving power. The phase locked ejection signal served
as the TDC start signal for the ion time-of-flight (ToF).
Prior to ejection of ions from the flat trap, the poten-
tial of the first MRTOF injection mirror electrode was
reduced by 1 kV to allow the ions entry. The potential
was then returned to its nominal value at the time when
the ions were in the MRTOF ejection mirror electrodes,
to minimize any effects from the changing potential. The
ions were then allowed to reflect between the two mirrors
for a time sufficient to allow the ions to make 880 laps.
After 880 laps, while the ions are in the injection mirror,
the final ejection mirror electrode potential was reduced
by 1 kV to allow ions to exit and travel to a multi-channel
plate detector, providing stop signals for the TDC. The
measurement time sequence is shown in Fig. 2.
As in any other mass spectroscopic technique, refer-
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FIG. 2. (Color online). Measurement time sequence for the
trap and MRTOF system (not to scale). After the species
of interest, indicated by the red peak, makes N laps, the
potential of the MRTOF ejection mirror is reduced to allow
ions passage and the ions are detected with a microchannel
plate. Only ions with A/q sufficiently similar to the species of
interest make N laps, while heavier (lighter) ions make fewer
(more) laps.
ence measurements are required to determine the mass
from the time of flight. Ideally, isobaric references would
be used. In the case of 8Li+, however, the only isobaric
reference available was 4He+2 , the rate of which was al-
most an order of magnitude less than that of 8Li+. As
such, 12C+ from the gas cell were used as a reference.
Typical time-of-flight spectra for 8Li+ and 12C+ are
shown in Fig. 3 with times-of-flight of t8 ≈ 8 ms and
t12 ≈ 9.8 ms, respectively. The spectra of 8Li+ were each
accumulated for 600 s, while each spectrum of 12C+ only
required 50 s. Mass resolving powers of Rm ∼ 167 000
for 8Li+ and Rm ∼ 203 000 for 12C+ were achieved. The
statistical uncertainty of ToF and thus of the mass of
interest is given as
(δm/m)
sta
= α/
(
Rm
√
Nion
)
, (4)
where α is close to unity for MRTOF measurements, Rm
is the mass resolving power andNion is the number of ions
in the peak. In principle, to perform the measurement
the minimal ion number for the MRTOF is Nion ≥ 1, as
it is a true spectrograph, while generally PTMS requires
Nion & 100 to fit the resonance curve.
Due to higher-order ion optical aberrations in the mir-
rors and low-angle scattering from the residual gas during
flight, the spectrum has a slow tail. In order to properly
take the tail into account, a Gaussian fitting function
with an exponential-tail, as described by Eq. (5), was
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FIG. 3. (Color online). Typical time-of-flight spectra for (a)
8Li+ and (b) 12C+ after 880 laps in the MRTOF. The slow
tail is a result of higher-order ion optical aberrations in the
mirrors and low-angle scattering from the residual gas in the
reflection chamber. The fit shown is from Eq. (5), see text for
details.
used [25].
f(t) =
{
A e−(t−tm)
2/2σ2 for t ≤ tm + tc
,
A etc(2tm−2t+tc)/2σ
2
for t ≥ tm + tc
(5)
where A is the Gaussian peak height, tm is the Gaussian
centroid, σ is the standard deviation of the Gaussian,
and tc is the distance from tm to the exponential tail
switching point. The shape parameters tc and σ were de-
termined from a high-statistics 12C+ spectrum and fixed
for all fittings.
To compensate for ToF drift caused by slight drifts
of the MRTOF potentials over time, measurements of
8Li+ interleaved those of 12C+. The effective ToF of
the 12C+ references were determined by linear interpo-
lation of measurements before and after each 8Li+ mea-
surement.
In principle, the relation between the mass and the
ToF is given by
t = a
√
m+ t0, (6)
where a is a characteristic constant and t0 is a constant
time offset caused by the delay between the TDC start
signal and the actual ejection of the ions from the ion
trap. Using picked up switching noise from trap ejection
switch as a TDC stop signal, it was possible to measure
the delay, which was found to be t0 = 199 ns. However,
to account for systematic uncertainty in the propagation
path of the switching noise, a value of δtsys0 = 10 ns
was adopted. Generally, to avoid systematic uncertain-
4TABLE I. ρ2-values for 8Li+, 7Li+ and 9Be+ along with the
derived and literature mass excesses, ∆.
Isotope ρ2 ∆MRTOF (keV) ∆Lit (keV) [26]
8Li 0.668 525 53(14) 20 947.6(15)(34) 20 945.80(5)
7Li 0.584 648 35(77) 14 911.4(9)(41) 14 907.105(4)
9Be 0.751 004 25(22) 11 352.6(25)(26) 11 348.45(8)
ties from t0, time-of-flight mass measurements interpo-
late between a pair of reference species. In the case of
MRTOF, due to the large ToF compared to δtsys0 , a single
reference method can be used.
The mass of 8Li+ is given by
m8 =
(
t8 − t0
t12 − t0
)2
m12 = ρ
2m12. (7)
The statistical uncertainties δmsta were determined from
uncertainties derived from the ToF fittings, while δtsys0
leads to a systematic uncertainty. An expansion of
Eq. (7) up to the 1st order in (t0/t12) yields
m8 = m12
(
t8
t12
)2
+ 2m12
t8(t8 − t12)
t312
t0. (8)
The effect of the uncertainty in tsys0 is determined by the
second term in Eq. (8). In the case of 8Li+, our adopted
value of δtsys0 = 10 ns results in a systematic uncertainty
of 3.4 keV.
To confirm this single reference method, the masses
of 7Li+ and 9Be+ were similarly determined offline. In
all cases, the results were in agreement with the lit-
erature values. The derived mass excesses are shown
in Table I while Fig. 4 shows the individual deviations
from the literature values. The weighted average with
a systematic uncertainty is represented by the green
band. The weighted average deviation of 8Li was found
to be ∆m = 1.8(15)(34) keV, corresponding to a rel-
ative mass uncertainty of δm/m = 6.6 × 10−7. The
weighted average deviations of 7Li and 9Be were simi-
larly evaluated and found to be ∆m = 4.3(9)(41) keV
and ∆m = 4.2(25)(26) keV, respectively.
We have performed first online mass measurements
with an MRTOF, using only 12C+ references for the ra-
dioactive 8Li+. A mass resolving power of Rm ∼ 167 000
was achieved within 8 ms for 8Li+, equivalent to a Pen-
ning trap with an 11 T magnetic field strength. An accu-
rate result was achieved with a relative mass uncertainty
of δm/m = 6.6 × 10−7. We verified the single reference
method with 7Li+ and 9Be+.
This 8Li+ measurement truly represents a worst-case
scenario for the MRTOF. The low mass-to-charge ratio
minimizes the speed gain of the MRTOF over conven-
tional PTMS. In addition, the large fractional mass dif-
ference between 12C+ and 8Li+, which would not occur
in any measurement of heavier nuclei, creates a max-
imally large systematic uncertainty from the ToF off-
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FIG. 4. (Color online). Deviations of each measurements
from AME2012 values [26]. In each uncertainties the system-
atic uncertainties are included. The weighted averages with
the systematic uncertainties are also shown by the green band.
set. However, let’s compare this to PTMS measure-
ment of light-mass nucleus 11Li (T1/2 = 8.75 ms) [27].
The mass resolving power achieved in Ref. [27] was only
m/∆m = 86 000, with an excitation time of 18 ms,
however the total number of detected 11Li approached
N = 10 000. Were our MRTOF utilized under simi-
lar conditions, a resolving power of m/∆m ≈ 170 000
could be achieved in 9.4 ms, resulting in less decay loss
and faster accumulation of statistics. With δtsys0 = 10 ns,
the precision limit using 12C as a reference would be
(δm/m)sys = 9.5×10−8, however 11B+ from laser abla-
tion as a reference would yield (δm/m)sys = 3.3×10−9.
Based on Eq. (4), the statistical uncertainty limit would
be 5.9 × 10−8 with a similar Nion which is competitive
with the relative mass uncertainty of δm/m = 6.2×10−8
achieved in Ref. [27]. Considering decay losses, the
MRTOF could actually achieve better relative uncer-
tainty than PTMS.
With the very light 8Li+, we achieve mass resolving
powers competitive with conventional PTMS of short-
lived nuclei by using shorter observation times. We have
verified the speed, precision and accuracy of the tech-
nique online. For short-lived, heavy nuclei such as trans-
uranium nuclei and nuclei important to r-process nucle-
osynthesis we believe this new method will truly be a
boon. We plan to begin measurements of trans-uranium
elements and of r-process nuclei in FY2013.
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